Abstract -Three examples have been selected t o i l l u s t r a t e the a p p l ic a t i o n and benefits of t h i n -l a y e r spectroelectrochemistry for monit o r i n g metalloporphyrin redox reactions. These examples show how FTIR, W -v i s i b l e and ESR spectroelectrochemical techniques can be combined t o monitor t h e s i t e o f oxidation/reduction, the f a t e o f t h e bound diatomic molecule a f t e r e l e c t r o n t r a n s f e r , the type o f n c a t i o n r a d i c a l generated and t h e s p e c t r a l p r o p e r t i e s o f a product formed i n r e a c t i o n s between an electroreduced porphyrin and the methylene c h l o r i d e solvent.
INTRODUCTION
Metalloporphyrins w i t h over four dozen d i f f e r e n t c e n t r a l metals have been electrochemic a l l y characterized (ref. 1). These reactions may occur a t the c e n t r a l metal ion, a t t h e porphyrin n r i n g system, o r a t the coordinated a x i a l ligand. The s i t e o f e l e c t r o n t r a n s f e r can sometimes be suggested by trends i n half-wave p o t e n t i a l s , b u t a d e f i n i t e assignment can only come from e v a l u a t i o n of s p e c t r a l data for the oxidized and/or reduced species on time scales approaching those of the electrochemical measurement. The optimum way t o accomplish t h i s i s v i a t h i n -l a y e r spectroelectrochemistry. 
Three examples from the l i t e r a t u r e have been selected t o i l l u s t r a t e the a o p l i c a t i o n and b e n e f i t s of t h i n -
) t h i n -l a y e r spectroelect rochemical c e l l s and associated electrochemical/spectroscopic instrument a t i o n are described i n the l i t e r a t u r e . Microelectrode voltammetry was c a r r i e d out as described i n r e f . 4. (TPP)Ru(CO) ( r e f . 6 ) , (OEP)Ru(CO) (ref. 71, (OEP)Ir(CO)Cl ( r e f . 8 ) and (TPP)Co(NO) ( r e f , 9) were synthesized by l i t e r a t u r e methods. Tetrahydrofuran, methylene c h l o r i d e and tetrabutylammonium perchlorate were p u r i f i e d usinq standard methods.
RESULTS AND DISCUSSION
FTIR and UV-visible monitoring of (P)Ru(CO) reduction (TPP)Ru(CO) and (OEP)Ru(COl are reduced i n two r e v e r s i b l e one e l e c t r o n t r a n s f e r steps as i l l u s t r a t e d i n Figure 1 . Overall, f o u r possible products may r e s u l t from t h e f i r s t reduction. These are i v e n by r e a c t i o n s 1-4 shown i n Scheme I. Previous studies o f (P)Ru(CO) ( r e f . 10,117 suggest t h a t the f i r s t e l e c t r o n i s r e v e r s i b l y added t o the p o r p h y r i n TI r i n g system b u t no spectroscopic evidence was Dresented t o confirm t h i s .
FTIR spectra before and a f t e r e l e c t r o r e d u c t i o n of (P)Ru(CO) are qiven i n Fiqures 2a and 2b. The TPP complex has a CO v i b r a t i o n a t 1941 cm-I (Fiq. 2a) before r e d u c t i o n w h i l e the v i b r a t i o n o f t h e OEP complex (Fig. 2b ) i s a t 1931 cm-1. Both v i b r a t i o n s appear as neqat i v e peaks i n the difference FTIR spectra as (P)Ru(CO) i s consumed ( r e f . 
4). P o s i t i v e peaks a t 1898 c -1 (TPP) i n d 1894 cm-1 ( O F ) are a t t r i b u t e d t o t h e CO v i b r a t i o n o f s i n g l y reduced ?(P)Ru(C0)1 . These data i n d i c a t e t h a t CO remains coordinated a f t e r e l e c t r o r e d u c t i o n and t h e s h i f t o f t h e CO v i b r a t i o n t o lower frequencies i s consistent w i t h an increased negative charge on
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A c y c l i c voltammogram o f (OEP)Ir(CO)Cl i s i l l u s t r a t e d i n Fiqure 3a while the FTIR spectrum o f t h e complex i s shown i n FiQure 3b. The i n i t i a l porphyrin has a CO v i b r a t i o n a t 2056 cm-1 which may be compared t o 2081 cm-1 for t h e s i n q l y o x i d i z e d complex (Fiqure 3c). There i s a l s o a w e l l defined n c a t i o n r a d i c a l marker band (ref. 13) a t 1539 cm-1.
These two pieces o f combined data are s e l f consistent only with r e a c t i o n 5 i n Scheme 11. 
WAVENUMBER. cm-'
Confirmation of r e a c t i o n 5 as t h e p r e v a i l i n g anism also comes from the ESR spectrum i n Fig. 3d . The ESR spectrum o f [(OEP)Ir(CO)t!?f' has a q = 2.00 and a AH = 5.6 G. The 
combination of ESR and FTIR spectroelectrochemical data i n Fiq. 3b-d c l e a r l y demonstrate t h e s i t e o f e l e c t r o n t r a n s f e r and t h e f a t e o f coordinated CO a f t e r oxidation, I n f o r m a t i o n o f t h i s type cannot be obtained from a voltammogram o f t h e type shown i n
14). The s i t e of t h e f i r s t oxidation/reduction may occur a t t h e
Co(I1) center or a t the porphyrin n r i n g system as shown by t h e f o u r e l e c t r o n t r a n s f e r r e a c t i o n s given i n Scheme 111: There i s a well-resolved s p l i t t i n g from Co(I1) and t h e couplinq constant o f 1.0 G i n d icates a strong i n t e r a c t i o n between t h e unpaired e l e c t r o n on t h e [(TPP)Co ( NO a x i a l ligands. The f i r s t examDle demonstrates how t h i n -l a y e r FTIR and W -v i s i b l e spectroscopy can be combined t o evaluate the s i t e o f e l e c t r o r e d u c t i o n and the f a t e o f t h e bound CO group a f t e r r e d u c t i o n o f t h e complex by one electron. The second example shows how FTIR and ESR spectroelectrochemistry can be combined t o evaluate t h e s i t e o f e l e c t r o o x i d a t i o n and the fate of the bound CO qroup a f t e r o x i d a t i o n o f the complex by one electron. The f i n a l example demonstrates how a l l t h r e e spectroelectrochemical techniques can be combined t o monitor the s i t e o f oxidation/reduction, the f a t e o f the bound NO group a f t e r e l e c t r o n transfer, t h e type of n c a t i o n r a d i c a l qenerated and the s p e c t r a l p r o p e r t i e s of a product formed i n r e a c t i o n s between an electroqenerated Co(1) porphyrin and methylene c h l o r i d e . The key p o i n t t h a t must be emDhasized i s t h a t oxidation/reduction p o t e n t i a l s are not s u f f i c i e n t t o determine t h e oroducts o f these e l e c t r o n t r a n s f e r reactions and t h a t more than one type o f s o e c t r a l c h a r a c t e r i z a t i o n must be u t i l i z e d .
